Introduction
Actin filaments and microtubules exist in dynamic equilibrium with a soluble subunit pool, and it is well established that these polymers lengthen and shorten by addition and loss of subunits at their ends. Intermediate filaments also exchange subunits with a soluble subunit pool (Albers and Fuchs, 1987; Angelides et al., 1989) , but, remarkably, the site of subunit exchange is not clear (Alberts et al., 2002; Kim and Coulombe, 2007; Godsel et al., 2008; Lodish et al., 2008) . In fact, several studies have suggested that subunit exchange is not confined to the ends of intermediate filaments and that these polymers can exchange subunits along their length (Ngai et al., 1990; Coleman and Lazarides, 1992; Vikstrom et al., 1992) . In addition, observations on vimentin and keratin filaments in living cells suggest that they may elongate by end-to-end annealing in vivo (Prahlad et al., 1998; Woll et al., 2005) , and this is supported by studies using electron microscopy and mathematical modeling in vitro (Herrmann et al., 1999; Wickert et al., 2005; Kirmse et al., 2007) .
In this study, we describe experiments that directly test the mechanisms of lengthening and subunit exchange of cytoplasmic intermediate filaments in cultured cells. We have focused on vimentin and neurofilament proteins, which are members of the type III and IV families of intermediate filament proteins, respectively (Coulombe and Wong, 2004) . Vimentin forms homopolymers, whereas neurofilaments are obligate heteropolymers that are minimally comprised of the low molecular neurofilament protein L (NFL) plus the medium and/or high molecular weight proteins neurofilament protein M (NFM) and neurofilament protein H (NFH; Lee et al., 1993) .
Results and discussion
To test the hypothesis that intermediate filaments can anneal end-to-end, we have taken advantage of the SW13 vim  human adrenal carcinoma cell line, which lacks endogenous cytoplasmic intermediate filaments because of spontaneous silencing of vimentin expression (Sarria et al., 1990; Yamamichi-Nishina et al., 2003) . We cotransfected SW13 vim  cells with either NFL plus EGFP-tagged NFM to form green fluorescent neurofilaments or with NFL plus mCherry-tagged NFM to form red fluorescent neurofilaments. We then mixed the cells and fused them with polyethylene glycol (PEG) to create cells containing distinct populations of red and green filaments (Fig. 1, a and b) . Alternatively, to confirm our data with a strategy that does not involve cell fusion, we cotransfected cells with NFL plus photoactivatable GFP (PAGFP)-tagged NFM and mCherry-tagged NFM to form a single population of neurofilaments containing A ctin filaments and microtubules lengthen and shorten by addition and loss of subunits at their ends, but it is not known whether this is also true for intermediate filaments. In fact, several studies suggest that in vivo, intermediate filaments may lengthen by end-toend annealing and that addition and loss of subunits is not confined to the filament ends. To test these hypotheses, we investigated the assembly dynamics of neurofilament and vimentin intermediate filament proteins in cultured cells using cell fusion, photobleaching, and photoactivation strategies in combination with conventional and photoactivatable fluorescent fusion proteins. We show that neurofilaments and vimentin filaments lengthen by end-to-end annealing of assembled filaments. We also show that neurofilaments and vimentin filaments incorporate subunits along their length by intercalation into the filament wall with no preferential addition of subunits to the filament ends, a process which we term intercalary subunit exchange.
Intermediate filaments exchange subunits along their length and elongate by end-to-end annealing Gülsen Çolakoğlu 1,2 and Anthony Brown filament, we routinely acquired several consecutive images over a period of 10-15 min. In each case, the red and green segments remained contiguous at all times, confirming that they were part of the same filament ( Fig. 2 e and Videos 1 and 2). In rare instances, we even observed circular filaments, which is indicative of annealing between two ends of the same filament (Video 3). We also observed end-to-end annealing for N-terminally tagged NFM (coexpressed with untagged NFL) and N-terminally tagged vimentin (coexpressed with untagged vimentin) in MFT-16 cells, which are an immortalized fibroblast cell line derived from vimentin knockout mice ( Fig. S1 ; Holwell et al., 1997) , and in SW13 vim + cells stably transfected with N-terminally tagged vimentin (Fig. 2, g and h) . Thus, end-to-end annealing is not an artifact of fusion proteins or transient transfection, is not unique to SW13 cells, and also occurs in the context of an endogenous intermediate filament network.
To quantify the annealing frequency, we measured the length and number of chimeric and nonchimeric filaments in SW13 vim  cells processed using the cell fusion strategy. For neurofilaments, 14% showed at least one annealing event (defined as a red/green junction) 2-5 h after fusion (n = 991 filaments from both red and photoactivatable green fluorescence along their entire length. To create distinct populations of green and red filaments in these cells, we then bleached the red fluorescence in part of the cell and activated the green fluorescence in the same region (Fig. 1, c and d ). With both of these strategies, we looked for the formation of chimeric filaments composed of contiguous green and red segments.
Both of these experimental strategies resulted in the appearance of filaments containing alternating contiguous red and green segments within several hours, which is indicative of end-to-end annealing. We obtained the same result with N-or C-terminally tagged NFM (each coexpressed with untagged NFL; Fig. 2 , a, b, and d) and with N-or C-terminally tagged NFL (each coexpressed with untagged NFM; not depicted) as well as with N-terminally tagged vimentin (coexpressed with untagged vimentin; Fig. 2 c) and untagged neurofilament proteins (Fig. 2 f) . To establish that the contiguous red and green segments were indeed part of the same filament, we took advantage of the fact that the filaments undergo constant Brownian-like motion, presumably caused by the thermal motion of their environment as well as jostling by other actively moving organelles in the cytoplasm. For each chimeric filaments (Fig. 4 b, example ii), which indicates that subunit incorporation and end-to-end annealing often occur along the same filament. In some cases, we observed segments of red fluorescence on one or both ends of a photoactivated green filament, which could be the result of de novo assembly on the filament ends or the result of annealing. However, the fact that we also observed photoactivated green fluorescent segments on one or both ends of a red filament argues that it reflects end-toend annealing. Moreover, many photoactivated green filaments showed incorporation of red fluorescence along their length with no red fluorescence at their ends. Thus, neurofilaments and vimentin filaments are both capable of incorporating subunits along their length, and, in contrast to actin filaments and microtubules, there is no indication of preferential addition of subunits to the polymer ends.
To determine the extent of subunit incorporation along the filaments, we quantified the red and green fluorescence intensities of single neurofilaments in SW13 vim  cells using the cell fusion strategy (Fig. 4 , g and h). Immediately after photoactivation (t = 0), the cells contained a mixture of red and photoactivated green fluorescent filaments, with no green fluorescence on the red filaments and no red fluorescence on the green filaments. By 20 h after photoactivation, the mean intensity of the red fluorescence on the green fluorescent filaments had increased to 20% of the mean intensity of the red fluorescent filaments at the start of the experiment (however, note that this increase is expected to underestimate the full extent of subunit incorporation because any incorporation of newly synthesized photoactivatable subunits, which are not fluorescent, would go undetected). This increase in red fluorescence was accompanied by a decrease in green fluorescence, which is consistent with an exchange of subunits between the filaments and the subunit pool. However, we observed no significant increase in green fluorescence along the red fluorescent filaments, which indicates that there was no significant pool of photoactivated green fluorescent subunits in these cells. This confirms that the green fluorescent filaments were the same ones that existed at the time of photoactivation and that the incorporation of red fluorescent subunits along the length of the green fluorescent neurofilaments cannot be explained by de novo assembly. We also quantified the time course of end-to-end annealing in these same cells. The proportion of filaments that were chimeric was 16% after 2-4 h (n = 850 filaments), 48% after 10-12 h (n = 639 filaments), and 58% after 16-24 h (n = 712 filaments). The mean number of annealing events per chimeric filament was 1.2 after 2-4 h (max = 5), 1.8 after 10-12 h (max = 10), and 2.4 after 16-24 h (max = 14; Fig. 4 f) . Thus, subunit incorporation and end-to-end annealing are concurrent time-dependent processes in these cells.
The aforementioned data provide the first direct demonstration that intermediate filaments can anneal end-to-end in cells. The structural basis for this process is of obvious interest. Intermediate filaments are assembled from tetramer subunits (Soellner et al., 1985) , but the polymer structure is not well understood. The tetramers are believed to align in register, whereas the dimers that comprise these tetrameric units are staggered, giving rise to 10-nm overhangs (for reviews see Herrmann and Aebi, 2004; Herrmann et al., 2007) . It is possible that interdigitation five cells; Fig. 2 i) , and the mean number of red/green junctions per chimeric filament was 1.3. The mean length of these chimeric filaments was 2.1 times longer than the nonchimeric filaments (4.9 µm and 2.3 µm, respectively; n = 776 filaments), confirming that annealing results in filament elongation. However, these numbers probably underestimate the full extent of annealing and lengthening because we can only detect annealing between filaments that are different colors. For vimentin filaments, 13% showed at least one annealing event 2-5 h after fusion (n = 561 filaments from five cells; unpublished data), and the mean number of red/green junctions per chimeric filament was 1.2. Collectively, these data indicate that neurofilaments and vimentin filaments are both capable of end-to-end annealing in these cells and that this process is remarkably efficient.
To test the hypothesis that preassembled intermediate filaments exchange subunits along their length, we cotransfected SW13 vim  cells with either NFL plus PAGFP-tagged NFM to form photoactivatable green fluorescent neurofilaments or with NFL plus mCherry-tagged NFM to form red fluorescent neurofilaments. We then mixed the cells and fused them to create cells containing distinct populations of red and photoactivatable green filaments. 1-5 h later, we activated the green fluorescence to mark the PAGFP-tagged filaments (Fig. 3, a and b) . Alternatively, to confirm the data with a strategy that does not involve cell fusion, we also cotransfected cells with NFL plus PAGFP-tagged NFM and mCherry-tagged NFM to form neurofilaments containing both red and photoactivatable green fluorescence along their entire length. We then bleached the red fluorescence in the entire cell and activated the green fluorescence in a part of that cell to mark a subpopulation (5-30%) of the PAGFP-tagged filaments (Fig. 3, c and d) , thereby creating a population of green fluorescent filaments lacking red fluorescence. In both cases, we looked for the incorporation of newly synthesized red fluorescent subunits along the photoactivated green fluorescent filaments.
Both of these experimental strategies resulted in the appearance of chimeric filaments within several hours after photoactivation, as described above. However, by 8 h after photoactivation, we also began to observe the appearance of red fluorescence along the photoactivated green filaments, which indicates that red fluorescent subunits had incorporated into the green filaments. We obtained the same result using N-terminally tagged NFM (coexpressed with untagged NFL) or C-terminally tagged NFL (coexpressed with untagged NFM; Fig. 4 , a, b, and d) and also using N-terminally tagged NFL (coexpressed with untagged NFM; not depicted) or N-terminally tagged vimentin (coexpressed with untagged vimentin; Fig. 4 c) . We also obtained the same result in MFT-16 cells expressing N-terminally tagged vimentin (coexpressed with untagged vimentin) or N-terminally tagged NFM (coexpressed with untagged NFL; Fig. S2 ) and in SW13 vim + cells stably expressing N-terminally tagged vimentin (Fig. 4 e) . Thus, the capacity of preformed intermediate filaments to incorporate subunits along their length is not unique to SW13 cells and can also occur in the context of an endogenous intermediate filament network.
Some filaments exhibited patchy incorporation, but for most, the incorporation was relatively uniform. In many cases, this occurred along the photoactivated green portions of chimeric elongation and radial compaction to achieve a mature diameter of 11 nm (Herrmann et al., 1996 (Herrmann et al., , 1999 Mucke et al., 2004; Wickert et al., 2005; Sokolova et al., 2006) . Our data indicate that, in cells, end-to-end annealing can also occur between filaments that are several micrometers long, which have presumably become radially compacted. Thus, the capacity for end-toend annealing may not be unique to assembly intermediates but may also apply to mature filaments. Moreover, the high frequency of annealing that we encountered in our experiments suggests that it is potentially a very efficient mechanism for filament elongation. This could be particularly important for neurofilaments, which have been reported to reach mean lengths in excess of 100 µm in axons (Burton and Wentz, 1992) . End-toend annealing has also been reported for microtubules and actin filaments in vitro (Rothwell et al., 1986; Murphy et al., 1988;  of these protruding dimer overhangs at the filament ends may be critical for stabilizing the annealing junction (Fig. 5 a) . The filaments have no structural polarity because the dimers within the tetramer subunits have an antiparallel orientation. Thus, the two ends of each filament are expected to be structurally identical and either end of one filament should be capable of annealing with either end of another.
In vitro, neurofilament and vimentin filament assembly proceeds via lateral aggregation of tetramer subunits to form short cylindrical assembly intermediates called unit length filaments (ULFs), which measure 60 nm long and 16 nm in diameter. ULFs have the same linear mass density as mature filaments but are thicker because they are less compact. Filament formation proceeds by end-to-end annealing of the ULFs to form thick filaments 250 nm in length followed by further diameter and linear mass density, indicating that the architecture of these assemblies can accommodate different numbers and arrangements of subunits within the polymer wall, even along the same filament (for review see Herrmann and Aebi, 2004) . This suggests that intermediate filaments have a topologically open architecture in which tetramer subunits may dissociate and reinsert within the polymer wall without compromising the interactions between the other subunits (Fig. 5 b; Parry et al., 2007) . We propose the term intercalary subunit exchange to describe this process. An important consequence of this unique dynamic behavior is that it may permit turnover or alteration of the subunit composition of intermediate filament polymers without compromising their structural integrity.
Materials and methods

Molecular cloning
The neurofilament protein constructs were all created by cloning mouse NFL and NFM cDNAs into pEGFP-C or pEGFP-N plasmids (Clontech Laboratories, Inc.). The vimentin constructs were obtained in a similar manner using human vimentin cDNA (provided by R. Goldman, Northwestern University, Chicago, IL). Untagged constructs were obtained by excising the GFP sequence. Photoactivatable and red fluorescent constructs were obtained by replacing the EGFP sequence with the sequences for PAGFP (provided by G. Patterson, National Institute of Child Health and Human Development, Bethesda, MD; Patterson and Lippincott-Schwartz, 2002) or mCherry (provided by R. Tsien, University of California, San Diego, La Jolla, CA; Shaner et al., 2004) , respectively. The linker lengths were 25 aa for the N-terminally tagged NFM fusion constructs, 15 aa for the C-terminally tagged NFM-EGFP fusion construct, 7 aa for the C-terminally tagged NFM-mCherry fusion construct, 5 aa for the C-terminally tagged NFL fusion constructs, and 22 aa for the N-terminally tagged vimentin fusion constructs. All constructs were confirmed by DNA sequencing. Andrianantoandro et al., 2001) , but, to the best of our knowledge, our data are the first direct demonstration of cytoskeletal polymer annealing in cells.
Comparative studies on intermediate filaments have identified three different assembly groups that differ in their stability and kinetics of assembly in vitro (for review see Herrmann and Aebi, 2004) . These three intermediate filament systems can coexist in the same cell without coassembling. Our data demonstrate that neurofilaments and vimentin filaments (assembly group 2) can exchange subunits along their length, but it remains to be seen whether keratins and nuclear lamins (assembly groups 1 and 3) exhibit similar behavior. The time course of subunit exchange appears to be slow relative to the rates of subunit exchange in microtubules and microfilaments, but this is consistent with prior studies on subunit turnover in intermediate filament networks (Ngai et al., 1990; Coleman and Lazarides, 1992) . Thus, intermediate filaments, although dynamic, are considerably less dynamic than their other cytoskeletal counterparts.
The structural implications of subunit exchange along the length of preexisting filaments were articulated eloquently by Ngai et al. (1990) , Coleman and Lazarides (1992) , and Vikstrom et al. (1992) >15 yr ago. These authors recognized that addition and loss of subunits along the wall of intermediate filaments would require transient disruption of the filament architecture. To understand how this could occur without severing the filament, it is important to understand the unique structure and plasticity of intermediate filament polymers. In contrast to actin filaments and microtubules, which have an essentially invariant structure, intermediate filaments exhibit considerable polymorphism in their For diagrammatic purposes, we show red tetramer subunits incorporating along the length of a green filament. Both annealing and intercalary subunit exchange may occur spontaneously in cells, although it is likely that there are also accessory factors that facilitate or regulate these processes.
expose only a part of the cell to violet light. In later experiments, we used a Mosaic Digital Diaphragm (Photonic Instruments).
Analysis
To quantify the annealing frequency, we used the cell fusion strategy to create cells containing both red and green filaments and then counted the number of red/green junctions along every filament that could be resolved from its neighbors and for which at least one end was visible. To measure the lengths of chimeric and nonchimeric filaments, we confined our analyses to filaments for which both ends were visible. To quantify subunit incorporation along single filaments, we used the cell fusion strategy to create cells containing both red and photoactivatable green filaments. We then activated the PAGFP fluorescence 2-4 h after fusion and imaged the PAGFP and mCherry fluorescence immediately and after 8 and 20 h (t = 0, 8, and 20 h, respectively) . We quantified the red and green fluorescence intensities of single filaments at all three time points and then normalized the red fluorescence intensities to the mean fluorescence intensity of the red fluorescent filaments at t = 0 and the green fluorescence intensities to the mean fluorescence intensity of the green fluorescent filaments at t = 0. In a parallel set of experiments, we determined that the extent of photobleaching over the time course of these experiments was <16% for the activated PAGFP fluorescence and <5% for the mCherry fluorescence. Intensity profiles along single filaments were obtained using the line scan function in MetaMorph software using a line width of 3 pixels.
Online supplemental material Fig. S1 shows end-to-end annealing of neurofilaments and vimentin filaments in MFT-16 cells. Cell culture and transfection SW13 and MFT-16 cells (provided by R. Evans, University of Colorado, Denver, Denver, CO; Sarria et al., 1990; Holwell et al., 1997) were plated on regular glass or etched glass coverslips (Bellco Biotechnology) in 35-mm culture dish assemblies and were maintained in DMEM/F12 (Invitrogen) supplemented with 5% FBS (HyClone) and 10 µg/ml gentamycin at 37°C and 5% CO 2 . SW13 vim  cells were transiently transfected using Lipofectamine 2000 (Invitrogen) in serum-free DMEM/F12 medium. SW13 vim + cells were stably transfected with vimentin fusion constructs using Lipofectamine 2000 and then cultured in the presence of 1 mg/ml Geneticin (Invitrogen) for 4 wk, changing the medium every 2-3 d. The resulting stably transfected cells were maintained as a mixed clonal population and cultured in the presence of 200 µg/ml Geneticin. MFT-16 cells were transiently transfected by electroporation using a Nucleofector (Lonza). For experiments on neurofilaments, we cotransfected NFL in combination with NFM fusion proteins or NFM in combination with NFL fusion proteins, always maintaining a 1:1 ratio of NFL and NFM DNA. For experiments on vimentin, we cotransfected vimentin in combination with vimentin fusion proteins, always maintaining a 1:1 ratio of the tagged and untagged vimentin DNA.
Cell fusion
Separate dishes of cells expressing red or green fluorescent intermediate filaments were harvested 4-18 h after transfection and then mixed and replated at 30-50% confluency. After 8-18 h, the culture medium was aspirated completely from the dish and replaced with PEG solution prewarmed to 37°C. For the SW13 cells, we used 50% (wt/vol) PEG 1500 in 75 mM Hepes, pH 8.0 (Roche). 1 min later, the PEG solution was removed, and the cells were incubated for 1 min more. Prewarmed DMEM/F12 culture medium (containing FBS and gentamycin) was then added very slowly, and the cells were returned to the incubator. 1-2 h later, the medium was replaced with fresh medium. The procedure was the same for the MFT-16 cells except that we used 45% PEG and then, after 1 min, we added medium directly to the dish without removing the PEG. After three rinses with culture medium, the cells were kept for at least 1 h in the incubator before imaging.
Immunostaining
Cells were rinsed twice with PBS and fixed at 37°C for 15 min with 4% formaldehyde in PBS containing 1% sucrose. After fixation, the cells were rinsed again with PBS, permeabilized with 0.25% Triton X-100 in PBS at room temperature for 15 min, and then treated with blocking solution (4% normal goat serum in PBS; Jackson ImmunoResearch Laboratories). Immunostaining was performed using RMO-270 anti-NFM mouse monoclonal (1:100; Invitrogen) and AB1989 anti-NFH rabbit polyclonal (1:100; Millipore) primary antibodies followed by Alexa Fluor 488-conjugated goat anti-mouse (1:200; Invitrogen) and rhodamine red-X-conjugated goat anti-rabbit (1:200; Jackson ImmunoResearch Laboratories) secondary antibodies. Both primary and secondary antibodies were diluted in blocking solution, and the incubations were performed at 37°C for 45 min.
Microscopy and imaging
For imaging, the DMEM/F12 culture medium was replaced with Hibernate-E low fluorescence medium (Brain Bits). A layer of silicone fluid (5 centipoise polydimethylsiloxane; Sigma-Aldrich) was floated onto the medium to prevent evaporation during observation on the microscope stage. Imaging was performed using an inverted microscope (TE2000; Nikon) with a 100-W mercury lamp source and a 100× NA 1.4 Plan-Apochromat VC or 100× NA 1.4 Plan-Apochromat DM oil immersion objective. Images were acquired with a cooled charge-coupled device camera (CoolSNAP HQ; Roper Scientific) using MetaMorph software (MDS Analytical Technologies). The temperature on the microscope stage was maintained at 35°C using an air stream incubator (ASI-400; NevTek). mCherry was observed with an HQ-TRITC filter cube (model 41002b; Chroma Technology Corp.) or an ET-Texas red filter cube (model 49008; Chroma Technology Corp.). EGFP and activated PAGFP were observed with an HQ-FITC filter cube (model 41001; Chroma Technology Corp.) or an ET-GFP filter cube (model 49002; Chroma Technology Corp.). For the experiments with SW13 cells, the exciting light was attenuated eightfold or 12-fold with neutral density filters, and images were acquired with no pixel binning. For the experiments with MFT-16 cells, the exciting light was attenuated fourfold with neutral density filters, and images were acquired using a pixel binning factor of two. mCherry was photobleached by excitation for 1-2 min without neutral density filters. PAGFP was activated by illumination for 1 s without neutral density filters using a violet filter cube (model 11005v2; Chroma Technology Corp.). For partial cell activation, a field-limiting diaphragm in a conjugate focal plane of the epifluorescent illumination path was used to
